NASA
TP

NASA et
S |

Technical |

Paper

2156

May 1983

Particle Sizing

by Measurement of
Forward-Scattered
Light at Two Angles

WN ‘g4v) AHVHEIT HO3L

i

Donald R. Buchele

LOAN COPY: RETURN TO
APWL TECHNICAL LIBRARY
KIRTLAND AFB, N.M.

29

25th Anniversary
1958-1983




* Tl 2L b

ERRATA
NASA Technical Paper 2156

PARTICLE SIZING BY MEASUREMENT OF FORWARD-
SCATTERED LIGHT AT TWO ANGLES

Donald R. Buchele
May 1983

Page 7, first paragraph, lines 5 and 6: The numbers 10 10 should be replaced
by 10+/10.
Page 15, third Tline from bottom: The reference number should be 7 instead of 4.

Page 19, second paragraph from bottom, Tine 1: The symbol should be B' instead
of Bj.



TECH LIBRARY KAFB, NM

MR BL

NASA O0L7727
Technical
Paper
2156

1983

Particle Sizing

by Measurement of
Forward-Scattered
Light at Two Angles

Donald R. Buchele

Lewis Research Center

Cleveland, Ohio

NNASAN

National Aeronau tics
and Space Administration

Scientific and Technical
Information Branch




SUMMAR'Y

Forward-scattered 1ight can provide a measure of particle diameter when
the diameter is much greater than the wavelength of radiation. The light
scattered by one or more particles in a test section was shown by experiment
and analysis to be affected by extraneous light from a number of sources.
Methods of minimizing the extraneous light are presented for application to
instrument design. Two types of instrument are described and compared.

INTRODUCTION

The performance and pollutant emission of a gas turbine combustor is
significantly dependent on the diameter of the fuel particles sprayed from
the fuel nozzle. When the particle diameter is much greater than the wave-
length of radiation, the diameter can be inferred from the angular distribu-
Eion of light scattered in the forward direction from a narrow, collimated

eam.

Reference 1 shows that a useful measure of particle diameter is deriv-
able from the shape of the center lobe of the intensity distribution of
forward-scattered radiation. The intensity may be calculated by the Fraun-
hofer diffraction formula instead of the more exact Mie formula. Although
there is a substantial discrepancy between the two formulas in the calcula-
tion of absolute intensity when the particle diameter approaches the wave-
length of radiation, the absclute value of intensity can be eliminated by
measuring the ratio of intensities at two fixed scattering angles. The
lower 1imit of measurable particle diameter then becomes of the order of the
wavelength of the radiation. The upper limit of measurable particle diameter
is set by the increasing difficulty of measuring intensities as the angular
width of the center lobe becomes smaller for a larger diameter. The method
was studied in reference 2, and an instrument was built (ref. 3) that meas-
ures single particles. Forward scattering in the center lobe is shown in
references 4 to 6 to determine the Sauter mean diameter of a polydispersion
of particles.

Another method (ref. 7) to be considered measures the angles, one fixed
and one variable, where there exists a fixed ratio of two intensities. Both
methods are compared herein for application to instrument design. The anal-
ysis will assume monochromatic radiation, since, in present-day practice, a
laser is invariably chosen as the radiation source. The particle-diameter
range of particular interest is 10 to 100 micrometers. The following meas-
urement errors will be considered, together with techniques of reducing the
magnitude of the ervror:

(1) Light diffracted by the test section aperture undesirably adds to
the light scattered by the particles themselves. This undesirable light can
be intercepted by spatial filters or reduced by apodization.

(2) A coherent laser source produces interference of scattered light
and thus superimposes speckle on the intensity pattern that is measured.
Integration, either temporal or spatial, can reduce this effect on the meas-
urement.

(3) Refraction by turbulent gas in the test section can broaden the
image of a point source. This problem can be treated by the same techniques
that are used to correct for a source of larger diameter.

(4) Error of intensity measurement results in particle sizing error
even when one measures the ratio of intensities at two angles of measurement.
The selection of optimum angles can reduce the resultant error.



(5) Some error is introduced by neglecting processes other than Fraun-
hofer diffraction. These additional processes are included in the analysis
by Mie. An indication will be given of the magnitudes of the differences
between the two treatments.

SYMBOLS
A test section aperture
A' image of A
B image plane at focal length f (fig. 4(a))
B! image of B
C 0.57x/x
D diameter of particle or aperture
D32 Sauter mean diameter of particles
Fi1sFp error ratio factors

focal length of objective lens (fig. 1)
G intensity gain factor with many particles
H irradiance
I light intensity
Ji first-order Bessel function
K scattering coefficient of one particle
N number of particles
P radiant power
y ray displacement at focal length f (fig. 1)
o particle size parameter, =D/a
8A detector area (fig. 1)
) ray deviation angle at focal length f (fig. 1)
A wavelength of radiation
T transmission factor of particles

Subscripts:

1ight beam

vertical axis of ellipse

particle

horizontal axis of ellipse

at angle o6 =0

at half of maximum amplitude

at smaller angle o of measurement
at larger angle & of measurement

angle measured by scanning system (eq. (16))

W N = O T T
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N

SCATTERING ANALYSIS
Angular Distribution of Forward Scattered Light

An optical system (described in refs. 4 and 8) for measuring the radiant
flux at any small angle of forward scattering is shown in figure 1. Light
from a point source is collimated by a lens, passes through the test section,
and is then focused to a point in the focal plane by an objective lens.

Light scattered anywhere in the test section at an angle ¢ intersects
the focal plane at a distance y from the focal point. Thus,

o =% (1)
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Figure 1. - Optical system,

for y/f << 1, where f 1is the lens focal length. At the focal plane, a
detector with area 6A subtends a cone with apex at the lens and with its
axis in direction . The radiant power received by the area &A deter-
mines the irradiance as H = P/sA, power/area. The intensity in direction
p is I = Pf2/5A, power/steradian. Thus, the intensity and irradiance
are related by only a constant as
1
H=— (2)
f2

This conversion is useful when calculating the power available to a detector
at a given intensity.

When measuring particles larger than 10 micrometers in diameter, the
light in the center lobe is due principally to Fraunhofer diffraction rather
than to the additional processes of reflection and absorption that are in-
cluded in Mie's analysis.

Useful approximations for the intensity distribution of forward-
scattered light in the center lobe (the lobe with maximum intensity at e = 0)
are plotted in figure 2. The ordinate is the intensity at a scattering angle
p divided by the intensity at e = 0, the direction of the incident light.

The abscissa is a beam-spread parameter o8 where the particle size para-
meter is

D
a = —
A

(3)

with particle diameter D and wavelength .

The curve for a monodispersion is given by Fraunhofer diffraction
(ref. 1) as

. 2
I(e) 2J1(a sin 6)
I(0) =[ a sin o (4)

where Jj is the first-order Bessel function. For e < 20°, sin 6 may
be replaced by e 1in radians.

The two curves for a polydispersion of particles are based on the Sauter
mean diameter D32. This diameter is the ratio of total particle volume to
total particle surface area. The curves were derived in references 4 and 5
using the monodisperse function with a wide variety of particle-diameter
distributions in which no particles exist with a diameter larger than ap-
proximately ten times the Sauter mean diameter.
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Figure 2. - Distribution of forward-scattered light, (Ray deviation angle 8 in
radians. )

The Gaussian curve is a good approximation to the other curves, and it
is a good approximation to the curve found in reference 6 to best represent

the intensity distribution of light scattered by fuel spray. At a6 > 3,
all curves in figure 2 agree with each other within 5 percent of full scale.

Diffraction by Test-Section Aperture

The intensity distribution described by the Fraunhofer diffraction
equation (4) applies both to the spray particles and to the test-section
aperture. The diffraction by the aperture is often ignored or not realized
to exist. The test methods used in references 9 and 10 eliminate the effects
of diffraction by the aperture as well as the effects of other sources of
interfering Tight.

Because the test-section aperture diameter is much greater than a par-
ticle diameter, the aperture produces more scattered flux than a small number
of particles. This flux has a strong effect on the resultant intensity dis-
tribution as measured.

The Fraunhofer equation gives the intensity as



2 4123,(a0) 2
Ha 1
I - 2 [ ] 5

°) 16'n2 @® )

where H 1is the irradiance of a plane wave of radiation at the aperture.
The Bessel function J1 has peak values, the first one beginning at
a6 = 1.84, that are closely approximated by an asymptotic formula (ref. 11):

Jl(ae) = (2/170.6)1/2 cos(ad - 3w/4) (6)

Equation (6), with the cosine factor replaced by unity (its maximum possible
value), is substituted in equation (5) to yield an approximate envelope of
the intensity peaks for a6 > 1.84. Along this envelope, for a6 > 1.84,

2
(o) =(lﬂ———* ?) (%) (7)
ow o

Figure 3 shows a relative intensity 1(e,D)/I(0,Dg) for a circular
aperture or circular particle as a function of angle o and diameter D
(Dg = 10 000 wm, » = 1 ym). For clarity, the intensity at e and D
has been arbitrarily divided by the intensity at 8 = 0 and D = Dg.
The curves are solid up to the point where the principal lobe has its
minimum; the dashed portion of the curves represents the envelopes of the
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Figure 3. - Envelope of relative-intensity peaks of Fraunhofer diffraction. Wave-
length of radiation, A, Imicrometer; particie diameter, Dg. 10% micrometers at
ray deviation angle 8 = 0°



second and higher lobes, and it is important when considering the possible
effect of aperture diffraction. For a6 > 1.84, the intensity has been
computed by equation (7). For a6 < 1.84, the intensity has been computed
by equation (5). At a6 = 1.84, the two formulas yield the same numerical
value within 2 percent.

To determine particle size solely from the ratio of two intensity meas-
urements, one makes measurements in that part of the center scattering lobe
which corresponds to the knee of the curves. For a single particle and a
circular aperture, figure 3 shows that at the knee of the curve for a parti-
cle the ratio of intensities due to the aperture and to the particle is
equal to the ratio of their respective diameters. This undesirably large
ratio can be reduced by the following:

(1) A noncircular aperture can reduce the radiation intensity due to
the aperture in one direction.

(2) Where the particle density is under the experimenter's control,
many particles can be added to the test section to increase the intensity
due to the particles and to reduce the intensity due to the aperture.

(3) Image processing by spatial filtering can reduce the intensity of
light diffracted from the aperture.

Reduction of Influence of Test Section Aperture

The intensity of scattered light from the particles and from the aper-
ture will be derived to show how to minimize the aperture-scattered light.

Apodization. - A noncircular aperture can redistribute the light in-
tensity so that it is less in some directions. This modification, called
aperture apodization, is treated in reference 12. Apodization can also be
produced by modifying the radial intensity distribution over the aperture so
that the intensity falls off with radius. This attenuation is to some degree
inherent in the 1ight from a laser source. For measurement applications
this technique has the disadvantage of weighting the scattered 1light from a
particle according to its position in the field of view.

Noncircular aperture. — To provide an example of aperture apodization,
an elliptical aperture is considered. The ellipse has an axial width w
and an axial height h. For convenience, define the ratios

_ W

*w T

h (8)
®*h T X
The Fraunhofer equation for the ellipse gives the intensity along the w
axis as

Hk2a2a2 2J,(a 8 ) 2
Wh 1V "w'w
I(ew) = 2 a o (9)
16w ww

where H s the irradiance of a plane wave of radiation at the aperture.

Equation (6), with the cosine factor replaced by unity, is substituted
in equation (9) to yield an approximate envelope of the intensity peaks along
the w axis for aye, > 1.84. Along this envelope, for ay6, > 1.84,
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Elliptical apertures of constant area have a,q constant. Thus,
an intensity reduction in equation (9) exists only wnen the quantity in
square brackets is reduced. Equation (10) with ayap = constant thus

shows that if an ellipse has a ratio o,/ap = 10 the intensity in the
w-direction is reduced by a factor of 184 E and the intensity in the
h-direction is increased by a factor 1OMFT5: relative to the intensity that
would be produced by a circular aperture of the same area. An elliptical
aperture may therefore be useful when its shape approximates the spray cross
section to be measured. However, when the flux is measured with an annular
aperture at the detector, there is no gain to using an elliptical test-
section aperture unless the annular aperture can be masked so that radiation
js received principally in two diagonally opposite quadrants. For particles
of nonspherical shape, using a full annular aperture may be desirable in
order to give an average-diameter measurement.

Spatial filtering. - Spatial filtering as described in references 13
and 14 requires reimaging the diffraction image plane in figure 1, as shown
in figure 4(a). The test-section aperture A is reimaged to A', and the
diffraction image plane B is reimaged to B'.

Let the spray particles be absent. A plane wave incident on A is
focused at B. Most of the flux lies within the diameter of the first few
rings of the Airy diffraction pattern when the optics are diffraction
limited. A stop at B intercepts this flux. The flux that passed the stop
was principally the flux diffracted near the edge of A where the angle of
diffraction is greatest. The image of A at A' thus has the greatest
intensity at the edge of A'. The stop at A' 1is smaller than the diam-
eter A' and blocks most of the diffracted light. Thus, at the final
image, B' is an image of the stop at B with a very low level of irradiance
surrounding it. Reference 13 showed a reduction to less than 1072 of the
irradiance at B. The light diffracted by a particle in the test section
at A is imaged at B and then reimaged at B' with no change of irradi-
ance distribution except for a dark spot that is the image of the stop at B.

The photographs in figure 4(b) illustrate the effect of spatial filter-
ing on the irradiance distributions with and without particles. The image
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A 7/ ]
1 _~—Stop / B

Intensity 1:, JL - \—/I l—. .4

b A diam- | —| |«Stop L_|4— Stop-»]_—l B’
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\
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(a) intensity distribution along optical path without particles in test section.

Figure 4. ~ Spatial filter.



:Row Image plane
Al .
Pinholes at test section, stop at B
.1 .
Dots at test section, no stops
2
Clear test section, stop at B
3 No stop Spots due to
atA lens defects—
4
Stop
atA’
Dots at test section, stop at B
5 No stop Spots due to
at A film emulsion - <5
6
Stop
at A

(b} Diffraction patterns to illustrate spatial filtering.

Figure 4. - Concluded,
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planes of figure 4(a) are shown. Both pinholes and dots are represented.
The pinholes provide a means of presenting the diffracted light produced by
particlies without the presence of diffracted light from the aperture. Where
split images are shown, they represent the same image at two different ex-
posures. The upper image, at shorter exposure, reveals more detail of the
central lobe. The lower image, at longer exposure, reveals more detail of
the outer, second lobe. Particles were simulated by a photograph on a glass
plate of an array of holes in a metal sheet. The holes were located at ran-
domly generated coordinates. Pinholes were produced by photographing a
front-lighted metal sheet painted white. Dots were produced by photographing
the sheet when it was backlighted. The final images on the photographic
plate were made about 300 micrometers in diameter in order to produce a
narrow-angle, high-intensity diffraction lobe and to reduce the effect of
scattering by the optical elements or, in the case of dots, by the emulsion
of the glass plate.

The first two rows of figure 4(b) show diffraction by pinholes and their
inverse, dots. The pinholes give diffraction minima in accordance with
equation (4). The dots give the same pattern, but it is masked by the much
greater intensity of light due to aperture diffraction. This behavior is in
agreement with the graph of figure 3: the ratio of aperture diameter to dot
diameter is 50, and there are 9 particles. The intensity ratio on the
sloping Tines in figure 3 should be 50/9 which is sufficient to mask the
minima of the diffraction pattern seen in the first row of figure 4(b).

The diffraction pattern from the particles can be recovered by inter-
cepting the flux diffracted by the aperture. With no glass plate in the
test section, the picture in row 3 shows that the aperture diffraction is
concentrated in a narrow zone centered on the aperture edge. Lens defects
produce some irregqular spots. In row 4 the annular area has been intercepted
by a stop placed at A'. The diffraction pattern at B' thereby has much

lower intensity. With the glass plate in the test section, the fifth and
sixth rows show the nine dots and many defects of the emulsion. The dif-
fraction pattern at B' in row 6, compared with row 1, shows recovery of
the diffraction minima, and a comparable intensity in the center diffraction
lobe in which measurements are made.

Comparing rows 2 and 5 shows the effect of the stop at B on the image
at B'. The light scattered by the optics between B and B' appears in
row 2 at B' as several ghost images. This scattered 1light is eliminated
in row 5 by the stop at B.

Aperture roughness. - It is desirable that the aperture have a smooth
edge. If the test-section aperture has a rough edge, additional scattered
radiation is produced. The result is extraneous scattered light. Serrated
and ragged aperture edges were shown in reference 15 to produce undesired
scattered light. It is therefore also important that the test section aper-
ture is not vignetted by parts of the test section, such as the window frame.

Increasing the number of particles. - The intensity is proportional to
the number of particles. As the number increases, more of the incident light
is intercepted by the particles, and, assuming the particlies are uniformly
distributed over the aperture, the intensity of the aperture-diffracted light
is ¥$duced; thus, the transmission factor for the incident 1light becomes
smalier.

When the number of particles is under the control of the experimenter,
an increase in the number of particles may be advantageous. However, in the
extreme, multiple scattering by the particles can distort the intensity pro-
file. To avoid distortion, reference 4 suggests a transmission factor of
not less than 0.2 for particles having 20-micrometer diameters. Smaller
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particles have a larger scatter angle and require a larger 1imit to the
transmission factor.

Since the transmission factor is related to the number of particles, it
can indicate the gain in intensity when an unknown number N of particles is
present. If N particles of diameter D, are distributed in a test sec-
tion of diameter Db, the transmission fagtor (ref. 8) is

-KN#D= /4
(N) = exp ————?B—— (11)
wDb/4

where K is the scattering coefficient of a particle, equal to 2 for a par-
ticle larger than the wavelength. When K = 2, the flux intercepted by the
cross-sectional area is scattered by reflection and refraction through the
particle, and an equal amount of flux is Fraunhofer diffracted on passing
outside the particle. Thus, the diffracted radiation from N particles is
equal to one-half the flux removed from the beam, which is a fraction

[1 - t«(N)]/2 of the incident light. The gain over the Tight intensity

from one particle is thus

2
D
——~—i - :élNg =%—[(1 - r(N)]<D—E) (12)

where (1) is near unity so that the first two terms of the series approx-
imation of <t are adequate to replace the denominator of equation (12),
and K has been set egual to 2.

The intensity produced by the test section aperture is reduced by the
transmission factor <(N). Thus, the overall effective gain in intensity
is the gain in equation (12) times 1/t(N):

2

D
1 - (N b
[_(“)—2 T N( )]<D—p> (13)

When =t = 0.5, the factor (1 - <)/t = 1. For example, if 1 = 0.5,
the beam diameter is 1 cm = 10" micrometers, and the particle diameter
is 100 m1crometers, thﬁre are 3500 particles and equation (13) gives an in-
tensity gain of 10 The relative intensity distribution for these
conditions is shown as a dotted line in figure 3. At point Q, the relative
intensities of radiation from the particle and from the aperture are equal
to each other.

Interference of Scattered Light

The curves of figure 2 assume that the light from many particles is the
sum of the 1ight from individual particles. The actual intensity is depen-
dent on the spatial distribution of the particles and the resulting inter-
ference of 1ight scattered from several particles. This interference is
most pronounced with a monodispersion of a small number of particles. For
example, see figure 4(b), row 1. The interference when there are particle
arrays is analyzed in references 16 to 18. When the number of particles is
large, the effect of interference on the pattern becomes negligible. How-
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Figure 5. - Irradiance distribution along axis of image plane, showing 15 repetitive
scans of moving 50-micrometer diameter particles. Scanning aperature, 0. 4-milli-
meter diameter; axial stop, 0.4-millimeter diameter.

ever, the speckle caused by laser light is superimposed on the average in-
tensity distribution. This speckle is also shown in figure 4(b), row 1.

To illustrate the effect of speckle, 50-micrometer-diameter particles
of latex were immersed in water and stirred to produce a slowly changing
particle distribution. The intensity distribution was recorded along the
path of a scanning aperture for a number of repetitive scans. The record,
in figure 5, shows that each curve has a substantial fluctuation about a
mean of all curves, analogous to a record of noise superposed on a desired
signal. It is necessary to minimize the noise and to recover the signal.

Techniques that would reduce the intensity fluctuation in some circum-
stances are the following:

(1) Integration over the spectral bandwidth of a nonmonochromatic source
to sum independent monochromatic intensity distributions

(2) Integration over an annular ring

(3) Integration over time, as evident from figure 5

Integration (1) is not possible with a laser source, which is generally
used because it can deliver a much greater flux fo the detector from a smal-
ler source diameter. A helium-neon laser has 10 greater brightness than
a 2800 K tungsten lamp at a center wavelength of 0.65 micrometer and a band-
width of 0.1 micrometer.

Integration (2) can be done for a small number of rings as applied to
the method of references 1 to 3. It is not feasible for a scanning system.
Integration (3) is easily done by a low-pass signal filter for the

method of references 1 to 3. It is not possible with a simple scanning

11
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aperture and single detector. Time integration can be done by using a
charge-coupled linear detector array or a television camera. However, these
detectors are limited in dynamic range so that it may be difficult to use
them when there is a wide variation in intensity of radiation at the
detector.

Gas Density Gradients

The collimated beam in the test section is refracted when there are gas
temperature gradients or turbulence. This refraction broadens the irradiance
distribution at the image point of the objective lens. Point-image broad-
ening by atmospheric turbulence has been extensively studied for its effect
on astronomical telescope resolution (ref. 19). Correction for point-image
broadening caused by laboratory generated turbulence was studied in refer-
ence 20. These applications were concerned with the central part of the
point image that contains most of the total flux; the low-level irradiance
farther away from the center was not significant.

For particle sizing where low-level irradiance is significant, a test
was made with hot-air turbulence produced by an electric heat gun that blew
air at a velocity of 4 meters per second and a temperature of 250° C above
ambient over a 3-centimeter-deep test section. The relative irradiance dis-
tribution from a point source at a 0.63-micrometer wavelength is shown in
figure 6 before and after the turbulence was generated. The relative ir-

100
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a <~ turbulence
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Ray deviation angle, 0, deg

Figure 6. - Image irradiance distribution with and
without hot-air turbulence in test section.




radiance distribution without turbulence is in agreement with figure 3, which
shows a reduction with the cube of beam spread angle e at large angles.

At small angles near the maximum irradiance, broadening is increased in pro-
portion to the spread functions of lens aberration and detector aperture
diameter. When turbulence is added, broadening at small angles is further
increased by the presence of the turbulence spread function. At large
angles, the jrradiance again approaches a dropoff with the cube of the angle.

The turbulence also broadens the irradiance distribution caused by par-
ticle diffraction. This broadening can be estimated and corrected for. For
example, figure 2 shows that, at a wavelength of 0.65 micrometer, a particle
with a 100-micrometer diameter has an irradiance distribution whose half-
maximum width occurs at a ray deviation angle e61/2 of 0.170 . The experi-
mental curve for the turbulent condition in figure 6 shows that the half-
maximum occurs at a ray deviation angle of 0.028°. This represents the
broadening that occurred in this experiment. The resultant value of G%JZ
is the square root of the sum of the squares of the two angles, or 0.172°,
which represents a l-percent error.

To apply spatial filtering with turbulence present, the stop at the
focus of the objective lens must be increased in diameter to intercept most
of the fiux at the broadened image point so that there is no sharp increase
of radiation at the periphery of the image of the stop.

Extraneous Light

In experiments, the scattered light to be measured is combined with
extraneous light from the instrument components and from the test section.
For example, the instrument with perfect optics and a point source has the
collimated beam diffracted by the test section aperture. This diffracted
light is relatively stronger at small scatter angles, as was shown in fig-
ure 3. However, scattering is also produced by optical surfaces that can
become dirty during the course of an experiment. Test section turbulence
was shown in figure 6 also to increase the extraneous light at small scatter
angles.

Response to extraneous 1light was eliminated in reference 9 by measure-
ment with two known concentrations of particles, and in reference 10 with a
laser heterodyne apparatus that responded only to particles in motion. It
was shown that extraneous light was most likely to be a problem at small
scatter angles. Thus, it is desirable to use a measurement method that does
not require measurement of scattered light at small angles. The two-angle
methods can have this desirable property.

Comparison of Fraunhofer Diffraction and Mie Theory

For particle sizing, the angular distribution of scattered light is
approximated by Fraunhofer diffraction. An error is caused by the difference
from the exact distribution given by the Mie theory. In reference 21 the
error for a monodispersion with two fixed-angle measurements was determined
using the method of reference 1. In reference 22 the Fraunhofer equation was
better modified to approximate the Mie theory for application to particle
size distribution.

An explicit comparison of Fraunhofer and Mie scattering is given herein
for a better understanding of some 1imits to accuracy and the effect of a
polydispersion. Figure 7 shows a smoothed curve of the maximum relative
intensity (at e = 0) as given by Mie's theory and the width, 2e1/p, at
one-half the maximum intensity for water particles in air. The relative

13
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intensity, as presented, is the intensity as computed by the Fraunhofer for-
mula divided by the intensity as computed by the Mie theory. The half-
maximum width for the Mie computation was determined by interpolating between
tabulated values of intensity distribution with e for each given «.

The difference between the two curves for e at half-maximum is -22 percent
near o = 10 (approximately 2-um particle diameter at A = 0.63 um) and less
everywhere else. A polydispersion shows smaller differences because the Mie
curves are averaged over the diameter distribution.
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Figure 9. - Particle diameter by method 1. Ray deviation angles, 6; = 0.003
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MEASUREMENT OF SCATTERED LIGHT AT TWO ANGLES
Description of the Two Methods

In figure 8 the 1ight scattered by particles has intensities Iy, Iy,
and I, at angles 6 =0, 87, and It is assumed that there is no
extraneous light present. Us1ng the éaussian approximation of scattering
(fig. 2) gives the ratio of intensities at two angles as

I,/1,= exp[-(0. 57xD/2)° (o g - e%)] (14)

Solving for the diameter gives

D2 = —-(2/0 57n)2 n(I,/I )/(e2 - 62) (15)
- : 2' 1 2 1

Equation (15) is a basis for both methods.

Method 1: Measurements at fixed angles and 62 (refs. 1 to 3). -
In this method, the diameter U in equation ( 1 is obta1ned from the meas-
urement of 12/11 Equation (15) is plotted in f1gure 9 for a typical set of
values of » 8, and . Curves are shown for a monodispersion by
Fraunhofer diffraction, a polydispersion by the data of reference 5, and the
Gaussian approximation. In all cases the usable range of D 1is Timited at
large and small values by the inaccuracy of the intensity measurement. When
the diameter is small, the fixed angles o7 and 6y are both smaller than
they should be to minimize extraneous light. This §1sadvantage of small
angles can be reduced by measuring at more than two fixed angles and then by
selecting the most favorable pair for computation.

Method 2 Measurement of e6» at constant intensity ratio Ip/I; and
fixed angle 6; (ref. 4). - With this method the diameter D in equa ion (15)
depends on the measurement of 6. In this method, the scanning angle is
increased continuously from an initial value 6. Intensity Iy is first

15
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Figure 10. - Off-axis scanning in image plane by method 2,

measured at a fixed angle 67, and then, as scanning continues, the intensity
drops until it reaches a preset ratio I,/I;. At this time, the angle e, is
measured.

A scanning path, as used in reference 7, is shown in figure 10. The
path is off the optical axis by a distance fey subtending a fixed angle
61 from the objective lens. The measured ang}e 63 has the relationship

2 2 2
65 = 65 — 6] (16)

Substituting equation (16) in equation (15) gives

2

? - —1n(12/11)/cze§ (17)

where C = 0.57«/x and Iy < 11, so that D depends only on 63 and is
independent of Angle is usually set, by adjustment of the off-
axis distance of %he scann1ng path so as to minimize the effects of extra-
neous 1light.

Method 2 has the disadvantage of not integrating the intensity over an
annular ring as may be done with method 1. Since there is also the dis-
advantage that and are not measured simultaneously, there is a
fluctuation in the 1ntens1%y ratio on successive scans when [I; and
I, are changing. Time integration can be made of the processéd signal
that indicates e,5. In practice, a low-pass filter time constant of 1
second is adequate to produce an adequately steady reading of the angle.

Accuracy of the Two Methods

Differentiating equation (15) gives the error in D caused by error in
intensity measurement:

D 2 ln(Izlll) 1211 1211
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when 8; and e, are measured with neglible error. Because the various
sources of extraneous light are independent of I, we assume that the random
error dI of igtensity is_constant and not dependﬁnt on I, and that the

variances (dIj)“ and (dIz)2 are each equal to (dI)“. Then equation (18) can
be written as

L2 L
() - ()
g—?_;%\= L)\ (19)
0 ZI]nllzillﬂ

Equation (19) is written for method 1 in terms of D and the instrument
constants 67 and ) as

1/2
LZ(CD"Z)Z . 2(CD91)2]
e

2772 2
2¢%D |92 - 91\

(20)
dIvT,

where C = 0.57n/x and Iy is the intensity at e = 0.

Equation (19) is written for method 2 in terms of D and the instrument
constants 67 and 1I2/I7 as

[ 2]1/2 (CDel)2
dD/D |=_ 1+(Il/12) e

a1/t ' ZTTA( T,/ T)] (21)

Equation (20) for method 1 is plotted in figure 11 for e5/e7 = 1.5, 2, and 3
with 8] = 0.003; and for 62/91 = 3 with 69 = 0.0015. he choice of the

24— Ray deviation
angle,

—_— . 0015 /
Ray deviation

angle, 8,8, /

3

_
=

._.
N
!

Error ratio, dDID/(dIp)

(=]
I

0 2 40 60 80 100 120 140 160 180
Particle diameter, D, um

Figure 11, - Error ratio of method 1 {eq. (20)). Wavelength of radiation, A, 0.6328 micrometer.
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values of 67 and ep/e; depends on the range of particle diameters that are
of principal interest. Acceptab]y small inaccuracy in diameter measurement.

is more likely to be achieved where the error ratio [(dD/D)/(dI/Ig)| is
small. However, figure 11 presents information only on the magnitude of the
error ratio. There are also other considerations; for example, the choice

of a smaller o7 would result in an increase in the amount of extraneous

light and thereby an increase in the magnitude of dI/Ip.

Equation (21) for method 2 has the independent parameters I,/I; and e;
and the independent variable D. Thus, the error ratio may be represented as
the product of two factors, F1 and Fp — the first dependent solely on Ip/lj,
the second dependent on D and a4. %hese factors are plotted separately in
figure 12. In figure 12(a), the factor Fl has a broad minimum when the
intensity ratio lies between 0.2 and 0.6. "In figure 12(b), the factor Fp
places an upper limit on the largest particle diameter that may be measured
reliably. At the large-diameter end, the resultant error ratio is comparable
to that of method 1 with 61 = 0.003 and ep/e] = 1.5. At the small-diameter
end, method 2 is superior.

For both methods the largest acceptable value of angle 671 is usually
determined by the largest particle diameter to be measured reliably. If one
arbitrarily chooses &7 = 0.003 and the criterion that the error ratio
be less than 4, figures 11 and 12 show that the maximum particle diameter
that may be measured reliably is as follows:

(1) For method 1,

70 um if ep/e1 = 3
100 um if 62/91 =2
120 wm if ep/e7 = 1.5

(2) For method 2,
110 wm if Ip/I7; = 0.5

A generalization of these conclusions is derivable from the fact that
equation (15) is really a statement about the beam spread parameter wDe/a
so that in the present analysis, the product De 1is constant. Hence,
under the criterion that the error ratio be less than 4, it may be concluded
that if Dpay 1is the maximum particle diameter that may be measured
reliably it is given by the following:
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Figure 13. - Zoom lens as part of image relay optics.

(1) For method 1,

eleaX = 0.21 um if 62/91 = 3

610pax = 0.30 um if 60/61 = 2

61D = 0.36 ym if 62/91 =1.5
(2) For method 2, max

610max = 0.33 wm if 1Ip/I1 = 0.5

These results show that both methods are comparable in their criteria for
the largest acceptable value of o7.

Instrument with Zoom Lens

Using of a zoom lens may serve to adjust the angle 61 to be more
nearly optimum for any particular particle diameter. The theory and de-
scription of zoom lenses are given in references 23 to 25. Commercially
available lenses have zoom ratios of 3 to 10. Such a lens added to the
imaging portion of the optical system of figure 4(a) is shown in figure 13.
The zoom Tens is positioned for a reversed direction of light, so its image
plane is at the stop B. The zoom lens iris becomes the stop A' for
spatial filtering. This iris is stationary in the zoom lens because the
movable lenses are to the right of the iris.

The spatial filter stop at B preceding the relay optics is required
to prevent light scattering by the zoom lens. The stop at A' is not re-
quired, but it may be desirable. Then the only light incident on the zoom
lens and scattered by it is the 1ight already scattered from particles. The
zoom lens varies the effective focal Tength of the objective lens and thus
the image size at the detector. As a result, (1) the angle of measurement
61 may be set at an optimum value for the particle size being measured,
and (2) the flux received by the detector that ordinarily varies with par-
ticle size as D=4 will now vary much less strongly as D-2.

Because the size of the detector at B is fixed, the zoom lens
varies the conjugate image at B. The biggest acceptable image at B is
equal to the zoom lens nominal image size at its longest focal length. As
the focal length is reduced, the image at B 1is reduced, thus completely
avoiding vignetting by the lens if vignetting is zero for the longest focal
length. Vignetting at the longest focal length may be avoided by limiting
the aperture ratio of the lens with its iris. '

In general, the commercial zoom lens has more flexible performance than
needed in this application. Since in this application the object distance
is fixed and the field of view is small and constant, rather than increasing
as the focal length is reduced, vignetting and wide-angle aberration are
avoided. Also, the use of monochromatic light eliminates chromatic
aberration.

19
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COMPARISON OF THE TWO METHODS
The two methods are compared herein for the following characteristics:

(1) Frequency response. Method 1 measures two intensities simultan-
eously and continuously. Method 2 is limited to periods that are long com-
pared to the time of a scanning period.

(2) Real-time output of steady-state input. Method 1 is sufficiently
linear over a limited diameter range to be capable of simple signal proces-
sing, which gives the ratio of two signals before correcting for extraneous
light. Correcting for extraneous Tlight is done by subtracting readings at
the two angles with and without spray, and then calculating the ratio.
Method 2 is linear over a large diameter range and is capable of simple sig-
nal processing before correcting for extraneous light. Correcting for ex-
traneous light is nonlinear. It is done by computation or by a graph using
readings with and without spray.

Method 1 requires multiple detectors or a zoom Tens. Method 2 requires ad-
justing the distance between the optical axis and the scanning path, or a
zoom lens.

(4) Integration of laser speckie and spray fluctuation. Method 1 is
better adapted to spatial and temporal integration at the detector. Both
methods can integrate the processed signal with some loss of frequency re-
sponse.

Both methods have the limitations set by aperture diffraction, inter-

ference, and refraction that were presented in the section Light Scattering
Analysis. These limitations appear to be more significant than the other
differences between the two types of instrument.

CONCLUSIONS

The Tight scattered by particles was shown to be affected by extraneous
1ight from a number of causes:

) Diffraction by the test section aperture
) Speckle caused by a laser light source
) Refraction due to gas density gradients in the test section

1
2
3
4) Dirty test section windows

— T~ g,

Methods to minimize the extraneous light were presented for application
to instrument design. In particular, optimum values of the operating para-
meters were determined for two methods that compare intensities at two angles
of measurement in order to deduce particle diameter.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio January 12, 1983
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